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Abstract

During mining topsoil is salvaged and stockpiled until ready for reclamation, stockpiling can
have detrimental effects on seed viability and soil quality. Research has assessed effects of
salvage and placement depth of forest topsoil on plant community establishment, with little
work on effects of storage, particularly in the boreal forest. Our research assessed boreal
forest topsoil storage methods to determine effects on soil chemical and physical properties,
native seed viability and germination and rhizome viability and emergence. Factors were
topsoil stockpiling length, stockpile size, season of construction and soil texture. Four repli-
cates of large and small stockpiles were constructed in the mineable oil sands, in northeast-
ern Alberta. During construction seeds and rhizomes from a variety of native boreal plant
species were buried within large (0.05, 1.0, 2.0, 4.0, 6.0 m) and small (0.05, 1.0, 3.0 m)
stockpiles. Soil gas probes were installed at similar depths as seed and rhizomes were
placed. Seeds and rhizomes were extracted eight months and sixteen months after con-
struction; during that time soil samples were collected for various chemical analyses. Irre-
spective of stockpile size, the majority of species seeds and rhizomes buried below 1 m lost
viability and did not germinate after eight months. Anaerobic soil conditions developed soon
after construction and persisted at depths below 1.0 m in large stockpiles, and over time
anaerobic conditions developed in smaller stockpiles. Only seeds of Geranium bicknelliiand
Dracocephalum parviflorum had a high survival rate in stockpiles; both species have hard
seed coats and are physically dormant. Various soil nutrients increased in concentrations in
their soluble forms after stockpiling. Direct placement of topsoil is a preferred soil handling
technique; however, if topsoil has to be stockpiled increasing the surface area of stockpiles
will help preserve some seed and rhizome viability.

Introduction

In the energy sector, disturbances from exploration, development and operation usually
require reclamation, which often means replacing salvaged topsoil. In many jurisdictions these
disturbances in boreal forest must be reclaimed to diverse, self-sustaining plant communities
similar to the surrounding region. Research on boreal forest topsoil (LFH, LFH mixed with
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upper mineral horizons) has provided industry with a means to use a local diverse seed source
and fertile surface soil to meet reclamation requirements [1, 2]. Organic soil horizons (LFH),
develop primarily from accumulation of leaves, twigs and woody materials with or without a
minor component of mosses, and are normally associated with upland forest soils with imper-
fect drainage or drier [1,2]. Within this paper LFH refers to organic material from an upland
forest and describes the mix of LFH layer and upper mineral soil, which can include the Ahe,
Ae, upper B horizon or combinations of these horizons, over stripped during salvage and
placed for reclamation in the oil sands region. Salvaging, storing and replacing LFH is now
considered a best practice in Alberta [3]. Research has assessed effects of salvage and placement
depth of forest topsoil on plant community establishment, with little work on effects of storage,
particularly in the boreal forest.

Impacts of topsoil storage are recognized [4], with much of the work to date conducted in
Australia. Soil quality changes include reduced organic matter, nitrogen, microbial activity,
mycorrhizal density, earthworm populations and nutrient cycling [5, 6]. Losses of organic car-
bon occurred quickly in the upper 15 cm (28%) and 100 to 150 cm layer (12.6%) of Canadian
stockpiled, prairie topsoil [7]. The magnitude of soil quality reduction is affected by texture
and depth in the stockpile. Organic matter losses were greater in sandy (85%) than clay soil
(32%) [8]. Total nitrogen decreased 100 mg kg’l on stockpile surfaces and deeper in the stock-
pile after thirty months [9]. Anaerobic conditions were detected deep in stockpiles [10]. Soil
gases, such as carbon dioxide and ethylene, increased with depth and clay content, with meth-
ane and nitrogen high even at shallow depths [8]. Dramatic increases in extractable manga-
nese, ferrous iron and ammonium nitrogen occurred with increasing depth, with greater
changes in clay than sandy soil. For example, in a clay texture stockpile, ferrous iron increased
from 72 ug g at 40 to 50 cm to 18,121 ug g* at 100 to 150 cm and in a sand texture stockpile
from 371 ug g to 4,800 ug g™* at 100 to 150 cm [8]. In Alberta Canada, temperature in stored
peat stockpiles fluctuated between 0 and 20°C throughout one year in the upper 50 cm,
remaining relatively constant at below 10°C at greater depths [11]. In Australia small soil tem-
perature differences were found between wet and dry stockpiles, with temperatures fluctuating
(6 to 37°C) with seasonal changes in the upper 100 cm, but remaining constant (21 to 28°C)
below [9].

Seed viability in stockpiles decreases with storage time and can occur quickly. A significant
decrease in viability of 12 Banksia woodland species in Australia occurred after one month of
storage; depth and storage time had little effect [12]. Another Australian study showed seed
bank viability decreased 3 to 13% in 10 to 13 months [13]. After four months and four years
propagule viability decreased significantly for most species in older piles at all depths in Derby-
shire [14]. Establishment decreased considerably when using stockpiles as an inoculum on
reclaimed Australian sites [15]. Various factors affect seed longevity in stockpiles including in
situ germination, microbial pathogens and senescence [16]; seeds and rhizomes may be physi-
cally damaged during stockpiling.

Stockpiling effects could be different in cold environments such as boreal forest, than in
warm climates. Rhizomes are a major contributor to secondary succession in the boreal [17],
although no attempts have been made to assess rhizome viability in stockpiles. Effects of stock-
pile size on viability of propagules and soil quality has not been studied; our research aimed to
answer the question what effects does storing boreal forest soil have on soil chemical, physical
and biological properties? Our research assessed boreal forest topsoil storage methods to deter-
mine effects on soil chemical and physical properties, native seed viability and germination
and rhizome viability and emergence. Factors were topsoil stockpiling length, stockpile size,
season of construction and soil texture.
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Materials and methods
Research site descriptions

Stockpiles were constructed in three areas near active oil sands mines in the central mixed
wood subregion of the boreal natural region. Climate was cool temperate with short, cool sum-
mers and long, cold winters [18]. Mean annual temperature was 0.3°C. The 1944 to 2007 long
term average annual precipitation was 471.2 mm, with 322.7 mm of rain and 148.5 cm of
snow. Soils in the area are orthic gray luvisols and eluviated and orthic eutric brunisols [19].
Pre-disturbance vegetation was representative of the mixed wood boreal forest for each soil.
Undisturbed orthic gray luvisols typically support Picea glauca (Monech) Voss (white spruce)
and Populus tremuloides Michx. (trembling aspen) forests and orthic eutric brunisols support
Pinus banksiana Lamb. (jack pine) and Populus tremuloides Michx.

Seed and rhizome collection and processing

Seeds and rhizomes of 27 available native boreal plant species, representative of common fami-
lies, life forms, dormancy mechanisms and seed sizes from unmined areas around the mines
were hand collected between July and September. Species nomenclature followed Moss [20].
Forbs were Anemone multifida Poir. (cut leaved anemone), Anemone patens L. (prairie cro-
cus), Aralia nudicaulis L. (wild sarsaparilla), Cornus canadensis L. (bunchberry), Dracocepha-
lum parviflorum Nutt. (American dragonhead), Fragaria virginiana Duchesne (wild
strawberry), Geranium bicknellii Britt. (northern cranesbill), Maianthemum canadense Desf.
(lily of the valley), Potentilla tridentata Ait. (three toothed cinquefoil), Rubus pubescens Raf.
(dewberry) and Vicia americana Muhl. (American vetch). Grasses and sedges were Agropyron
trachycaulum var. trachycaulum (Cassidy) Malte (slender wheat grass), Bromus ciliatus L.
(fringed brome), Elymus innovatus Beal. (hairy wild rye), Oryzopsis pungens (Torr.) A.S.
Hitchc (jack pine rice grass) and Carex aenea Fern. (bronze sedge). Shrubs and trees were
Alnus crispa (Ait.) Pursh (green alder), Arctostaphylos uva-ursi (L.) Spreng. (kinnickinick),
Prunus pensylvanica (L.f) (pin cherry), Ribes hudsonianum Richards. (wild black currant),
Rosa acicularis Lindl. (prickly rose), Rubus idaeus L. (wild red raspberry), Shepherdia canaden-
sis (L.) Nutt. (Canada buffalo berry), Vaccinium myrtilloides Michx (blueberry), Vaccinium
vitis-idea (L.) Nutt. (bog cranberry), Viburnum edule (Michx.) Raf. (low bush cranberry) and
Pinus banksiana Lamb. (jack pine). Rhizomes from Maianthemum canadense, Vaccinium myr-
tilloides and Arctostaphylos uva-ursi were hand dug. Seeds were air dried at room temperature
for two weeks before placement. Berries were macerated with a blender, screened and cleaned
with tap water to prevent viability loss from fungi, air dried for two weeks, then stored in
sealed jars in the dark at room temperature. Rhizomes were harvested one week prior to place-
ment and stored at 4°C in a refrigerator.

Four replicates of 25 seeds from each species were used to study viability and germination
prior to placement in stockpiles and the same number following stockpiling. Prior to placement
in stockpiles, seeds of each species were placed in individual 5 x 8 cm permeable, black, mesh,
sewn bags of 100% nylon, allowing them to be in ambient hydrologic and temperature conditions
in the stockpiles yet facilitating their recovery from the stockpile. One quarter to one teaspoon
(based on seed size) of heat sterilized sand was added to each bag to evenly distribute seeds. Bag
ends were sealed with thermoplastic adhesive. Seed bags, each with seeds of one species, were
placed in a 30 x 50 cm permeable sachet of sewn polyethylene mesh. Two Pinus banksiana cones
and five rhizome cuttings from each of Maianthemum canadense, Vaccinium myrtilloides and
Arctostaphylos uva-ursi were cut into 10 to 15 cm segments and placed in sachets. A total of 144
sachets were placed, 20 in each large stockpile and 16 in each small stockpile.
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Stockpile construction and instrumentation

Four replicates each of large and small stockpiles were built at four mine sites. At each site,
three replicates were of coarse texture (sand) soil (orthic and eluviated eutric brunisol) and
one was of fine texture (clay loam) soil (orthic gray luvisol). Stockpile construction began in
October at sites 1, 2 and 3, and January the following year at site 4 due to operational logistics.

Large stockpiles were 36 x 20 m at base and 6 m high, big enough to accommodate opera-
tional size equipment. Small stockpiles were 4 x 15 m at base and 3 m high, simulating wind-
rows found throughout the region. The upper 15 cm of topsoil was salvaged and windrowed
with crawler tractors and large tracked excavators over 4 ha of logged forest at each mine site
for each set of large and small stockpiles. The windrowed soil was hauled to placement areas
and stockpiles were constructed in 1 m lifts.

In large stockpiles, sachets with seeds were placed at 6, 4, 2, 1 and 0.05 m depths and those
containing cones and rhizome cuttings were placed at 6, 2 and 0.05 m depths. Soil probes were
installed at 6, 4, 2, 1, 0.6 and 0.3 m depths. In small stockpiles, sachets were placed at 3, 2, 1
and 0.05 m depths and those containing cones and rhizome cuttings were placed at 3 and 0.05
m depths. Sachets were attached to 0.16 cm aircraft cable and orange snow fence strips for
retrieval. Four sets of sachets were placed at each depth and were spread approximately 4 to 5
m apart in the centre of each stockpile to allow for multiple years of monitoring. The spacing
was sufficient to prevent outside air affecting in situ sachets during extractions.

Soil probes were installed at 3, 1, 0.6 and 0.3 m depths. A total of 40 soil probes for soil
water and 40 for soil temperature were installed; 5 of each were installed in each large stockpile
and 4 in each small stockpile. A 1 m pit and trenched narrow path to the stockpile edge was
dug with a tracked excavator. Campbell Scientific 107B soil and water temperature probes and
CS616 soil volumetric water content reflectometers were installed in the pit face and wires
strung in the trench, then backfilled. Sensors were connected to an automated data acquisition
system and data were recorded every two hours for three years starting in January.

Soil atmosphere

A total of 108 gas probes of nalgene teflon tubing (0.635 cm inside and 0.953 outside diame-
ters) attached to an outside sealed polyvinyl chloride pipe for support with an air diffuser were
installed in May of the first study year. Five probes were installed at 4, 3, 2, 1 and 0.3 m in large
stockpiles and four at 3, 2, 1 and 0.3 m in small stockpiles, in 5 cm diameter holes augered by
hand. One probe was inserted 15 cm above the bottom of each hole; 15 cm of sand was placed
on top of it followed by 15 cm of bentonite chips and 1 L of water, then stockpiled soil. Soil gas
was extracted from each probe from July through February at various times. The volume of
gas in each tube was purged with a syringe prior to extracting 14 ml of gas into a 10 ml vacutai-
ner, then stored at 4°C in the dark until analysis. Gas chromatographs for carbon dioxide, oxy-
gen, nitrogen, methane and ethylene were determined.

Seed viability and germination

Seeds were extracted in June of the first study year and February of the second using a tracked
excavator by opening one end of the stockpile from the top downward. Seed bags were dried at
room temperature. Viability was determined with 1% tetrazolium solution. Tetrazolium solu-
tions, seed treatments, cutting methods and staining evaluations were according to the Associ-
ation of Official Seed Analysts [21] and the International Seed Testing Association [22]. Aralia
nudicaulis was not in the above protocols so seeds were placed between damp paper towel
overnight, then cut longitudinally through the endosperm with a scalpel and stained with tet-
razolium solution at 30°C in a dark oven for 18 h; viable seeds had bright red stained embryos
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and endosperm. Seeds that had germinated or rotted at the time of retrieval were classified as
non-viable because they did not exhibit potential to germinate if stockpile material was spread
on reclamation areas.

Germination and rhizome emergence were determined in a controlled growth chamber for
8 weeks, for pre stockpile and stored conditions on 25 seeds and 5 rhizome cuttings with 4 rep-
licates each. Seeds were placed on damp seed germination blotter paper in sealable, plastic ger-
mination containers. Rhizome were planted 1 cm deep in containers filled with 5 cm of
metromix. Seeds and rhizomes were watered twice weekly. Growth chambers were set to 28°C
in light for 16 h and 15°C in dark for 9 h. Each week containers were randomly rotated and
germination and rhizome emergence assessed. A seed was considered germinated when the
first radical emerged and a rhizome was considered emerged when the first shoot emerged.

Stockpile soil chemistry

Prior to salvaging, the upper 15 cm of topsoil was sampled with a shovel to provide baseline
conditions for the stockpile material. Four samples of stockpiled soil were collected with a soil
corer during each seed extraction, at each depth seed bags were extracted, from the face of the
stockpile. Samples were analyzed according to Carter [23]. Saturation %, pH, electrical con-
ductivity, sodium adsorption ratio, soluble cations (calcium, potassium, magnesium, sodium)
and soluble anions (chloride, sulfate) were determined from saturated paste extract, total nitro-
gen by digestion with Devarda’s alloy and total carbon by combustion. Extractable cations (cal-
cium, potassium, magnesium, sodium) and cation exchange capacity were determined with
ammonium acetate at pH 7. Available phosphorus and potassium were determined by modi-
fied kelowna extraction, available ammonium and nitrate by extraction with 2 M potassium
chloride, available copper, iron, zinc and manganese with diethylene triamine pentacetic acid,
available and extractable boron by hot water extraction and available sulphate by monocalcium
phosphate extraction. Particle size was determined by hydrometer.

Statistical analyses

Separate one way fixed effects analysis of variance (ANOVA) for each stockpile size and extrac-
tion period (8 and 16 months) was used to determine whether stockpiling affected seed viabil-
ity, seed germination, rhizome emergence and soil chemical properties by comparing response
variables before and after stockpiling. Significant main effects were analyzed using least
squares difference (LSD) post hoc test. Two way fixed effects ANOVA for each extraction
period was used to determine effects of stockpile size and burial depth. Significant interaction
effects were analyzed using one way ANOVAs to determine significant differences between
depths for each stockpile size; if main effects were significant, differences were analyzed using
LSD. Residuals from raw data were tested for normality with the Shapiro-Wilk test and hetero-
geneity of variances with Levene’s test. Data were rank transformed when variances of raw
data were heterogeneous. Spearman’s rank correlation coefficient was used to compare
strength of viability relationships of each species to soil gases and chemical properties known
to affect seed germination, separately for large and small stockpiles. Analyses were conducted
using SPSS 18.0; significance was at p = 0.05.

Results and discussion
Stockpiling effects on soil properties

Stockpiling significantly changed some soil properties relative to undisturbed topsoil (Tables 1
and 2). Available ammonium increased significantly in large and small stockpiles. In large
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Table 1. Mean values for soil properties for burial depths after 16 months storage in large and small stockpiles.

Parameter Control Large Stockpile Small Stockpile
0.05 m 1m 2m 4m 6m 0.05 m Im 2m 3m
Soil pH 5.6 5.9 5.9 6.0 55 54 5.7 5.7 5.7 56
(0.2) (0.4) (0.5) (0.4) (0.4) (0.3) (0.2) (0.2) (0.2) (0.3)
Electrical conductivity (dS/m) 0.4 0.7 0.5 0.7 1.5* 1.6* 0.6 0.4 0.4 0.3
(0.0) (0.1) (0.0) (0.3) (0.5) (0.5) (0.1) (0.0) (0.0) (0.0)
Sodium adsorption ratio 0.5 0.4° 0.5% 0.5° 0.3% 0.2*® 0.7 % 0.6" 0.6" 0.7%
(0.0) (0.0) (0.1) (0.1) (0.1) (0.0) (0.1) (0.1) (0.1) (0.0)
Total carbon (%) 2.1 2.2 2.0 1.9 23 2.0 2.0 1.7 1.6 14
(0.6) (0.3) (0.2) (0.3) (0.2) (0.4) (0.3) (0.2) (0.1) (0.3)
Total nitrogen (%) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
Available nutrients (mg kg™)
Ammonium 3.1 5.7%¢ 12.0°° 15.0%% 20.0*? 18.6*% 6.7° 10.9%b¢ 13.5%% 12.3%3b¢
(0.3) (0.6) (3.4) (3.7) (3.2) (4.7) (2.2) (3.0) (4.1) (2.3)
Nitrate 2.3 5.1° 6.20° 1.0° 0.6° 0.6° 1.3 3.7 1.7 0.9
(0.2) (1.5) (22) (02) (0.1) (0.0) (0.5) (22) (0.8) (0.3)
Phosphorous 17.9 185 19.8 20.3 25.5 31.5 22.0 21.3 26.3 18.0
(3.1) (3.9) (3.7) (4.6) 4.7) (5.0) (3.9) (4.0) (4.4) (7.2)
Potassium 95.8 101.0 89.3 96.8 101.8 107.0 137.8 82.8 101.0 67.8
(19.9) (29.4) (13.2) (20.8) (30.9) (31.1) (54.8) (15.9) (20.1) (12.8)
Sulphate 8.7 11.0 5.0 2.8* 5.0 6.3 9.0 6.3 43 35
(1.2) (4.1) (0.4) (0.9) (0.4) (0.9) (2.9) (1.7) (0.3) (0.5)
Soluble ions (mg LY
Calcium 46.8 89.5%° 66.5° 93.0° 275.3*% 2953+ 60.8<¢ 40.0° 443¢ 31.3¢
(8.9) (17.5) (17.1) (51.0) (153.3) (145.8) (15.6) (9.2) (10.4) (6.0)
Chloride 32.7 25.5 27.5 25.0 30.5 29.5 69.5 24.8 40.8 30.0
(5.1) (7.6) (4.9) (4.2) (4.7) (6.8) (34.7) (1.1) (9.6) (7.5)
Magnesium 12.0 24.8 16.5 27.8 74.8 76.3 16.0 11.5 12.3 8.8
(2.8) (4.9) (4.8) (17.6) (45.6) (41.3) (3.3) (3.2) (4.4) (2.3)

Data are mean with standard erroring brackets, n = 4. In rows * denotes LFH treatments significantly different from controls. In rows different letters denote significant

differences; upper case letters between stockpile size and lower case letters between burial depths. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t001

stockpiles there were significant increases in electrical conductivity, sodium adsorption ratio,
soluble calcium and potassium and extractable manganese. Nitrate decreased with increased
storage time in large stockpiles. Stockpile temperatures were generally higher than air tempera-
ture at all depths (Figs 1 and 2). Soil atmosphere carbon dioxide (Fig 3), ethylene and methane
(Fig 4) increased with depth, whereas oxygen generally decreased with depth over time (Fig 3).

Soil impacts from stockpiling support results from other research [8, 24]. Extreme anaero-
bic conditions developed in large stockpiles shortly after construction and persisted, but
occurred over time at depth in small stockpiles. The fine texture, large stockpile was most
anaerobic. Anaerobic conditions promote reduction of soil elements used as alternative elec-
tron acceptors, including nitrate, manganese dioxide, hydrated iron oxide, sulphate, carbon
dioxide and water, which increases ammonium, manganese, iron, hydrogen sulphide and
methane; nitrate, manganese dioxide and hydrated iron oxdide reduction can occur in hypoxic
conditions where carbon dioxide and sulphate reduction occur under extreme anaerobic con-
ditions [25].
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Table 2. Mean values for soil properties for burial depths after 16 months storage in large and small stockpiles.

Parameter Control Large Stockpile Small Stockpile

0.05 m 1m 2m 4m 6 m 0.05 m 1m 2m 3m

Potassium 19.7 32.3 25.3 29.8 51.3* 60.5* 51.0 16.8 18.3 12.3
(5.0) (14.2) (6.4) (3.6) (6.0) (12.6) (38.3) (4.3) (1.7) (3.1)

Sodium 13.4 16.5 16.8 15.5 16.5 14.3 20.0 15.5 17.5 17.3
(1.5) (3.0) (2.0 (3.3) (4.6) (2.1) (3.1) (0.6) (2.1) (2.9)

Sulphate 46.2 122.7 50.6 32.0 46.3 47.9 80.8 57.8 51.8 47.6
(5.4) (41.1) (5.7) (5.9) (5.8) (2.8) (18.2) (8.4) (2.2) (4.1)

Soluble ions (mg LY); extractable boron (mg kg'l) and available micro nutrients (mg kg’l)

Boron 0.4 0.4 0.3 0.3 0.3 0.3 0.5 0.4 0.4 0.2
(0.2) 0.2) 0.2) (0.1) (0.2) (0.1) 0.2) (0.2) 0.2) (0.1)

Copper 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
(0.1) (0.0) (0.0) (0.1) (0.1) (0.0) (0.0) (0.0) (0.0) (0.0)

Iron 51.7 47.3 79.0 146.0 99.3 82.0 62.3 58.3 74.5 83.5
(6.2) (13.1) (17.0) (61.8) (11.7) (14.1) (12.2) (12.6) (3.8) (7.9)

Manganese 53.3 17.5° 46.6° 178.3** 225.0%° 266.0** 50.6 20.9 52.3 55.9
(12.8) (5.0) (18.0) (24.0) (12.5) (70.7) (23.9) (3.6) (35.3) (15.0)

Zinc 2.8 1.5% 1.4* 1.5* 2.1 1.8* 2.0* 1.7 1.9 1.3
0.2) 0.2) (0.1) (0.3) (0.4) (0.4) (0.3) (0.1) 0.2) (0.3)

Mean cation exchange capacity (meq 100 g-1) and exchangeable cations (meq 100 g-1)

Cation exchange capacity 11.44 6.75 6.08 6.25 6.53 6.35 6.88 6.38 6.65 5.18
(3.84) (1.98) (1.62) (1.80) (1.69) (2.32) (1.70) (1.25) (2.26) (1.31)

Calcium 5.3 5.15 4.08 4.6 4.58 3.98 4.53 3.88 4.03 2.78
(2.16) (1.79) (1.48) (2.10) (1.90) (1.76) (1.47) (1.23) (1.43) (0.66)

Magnesium 1.05 0.98 0.68 0.75 0.73 0.65 0.95 0.75 0.8 0.58
(0.61) 0.71) (0.50) (0.60) 0.57) (0.50) (0.55) (0.50) (0.52) (0.43)

Potassium 0.2 0.15 0.15 0.2 0.25 0.18 0.33 0.13 0.18 0.05
(0.10) (0.10) (0.05) (0.08) (0.05) (0.10) (0.15) (0.08) (0.10) (0.05)

Sodium 0.01 0.07 0.07 0.13 0.13 0.13 0 0 0.05 0

(0.01) (0.06) (0.06) (0.12) (0.12) (0.12) (0.00) (0.00) (0.05) (0.00)

Data are mean with standard erroring brackets, n = 4. In rows * denotes LFH treatments significantly different from controls. In rows different letters denote significant
differences between burial depths. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t002

Rate and magnitude of change from aerobic to anaerobic states are affected by porosity,
organic matter, water content and temperature [26], which regulate microbial activity. Except
for organic matter, stockpile size and construction time, soil depth and length of storage
greatly influence these factors. Changes to air filled porosity likely caused the most abrupt
change in the large stockpiles with increasing depths below 1 m. Increased equipment traffic
and large amounts of piled soil compact soil, reducing aeration and air filled porosity. With
limited oxygen, aerobic respiration quickly switches to anaerobic, fueled by organic matter in
stockpiled soil. How fast the change occurs depends on temperature. Stockpiles that initially
became most anaerobic were constructed in fall or when soil temperature was above 0°C
below 1 m; the stockpile with the most total carbon was most anaerobic.

Small stockpiles became anaerobic over time, but not as much as large stockpiles. They
were much less compact and the higher porosity would have allowed more oxygen in the
stockpile to support aerobic respiration for a longer time. Increased aerobic respiration in
spring and early summer would have decreased oxygen, leading to anaerobic respiration. In
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Fig 1. Monthly mean soil temperature at depth for small stockpiles between January of the first study year and February of the third.
https://doi.org/10.1371/journal.pone.0220367.9001

June, the surface, 0.6 and 1.0 m depths were 10°C warmer than air temperature and by August
all depths were 10 to 20°C warmer than air temperature. Piling topsoil with an abundant
source of organic carbon is similar to creating a compost pile. Factors such as temperature and
water content influence anaerobicity and while the winter constructed stockpile was initially
less anaerobic than the fall constructed one, when snow melted, increased water caused the
winter constructed stockpile to become much more anaerobic (water data not shown).
Substantial changes in soil chemistry in large stockpiles could have consequences for land
reclamation. Ammonium can be lost by leaching, volatilization or run off once material is
spread. Harris et al. [27] show stockpiling topsoil increased lability of organic nitrogen making
it more susceptible to mineralization, increasing potential for loss. Increased major cations
deep in the stockpiles likely result from leaching and desorption from exchange sties. Ion
leaching is negligible as highly mobile anions such as chloride did not increase much with
depth. High concentrations of ammonium in soil likely displaced potassium on exchange sites,
increasing soluble potassium [28]. High concentrations of carbon dioxide increase hydrogen
ions when carbon dioxide is dissolved in water and hydrogen ions displace calcium from
exchange sites making it more soluble. Increased soluble calcium and magnesium could have
formed strong complexes with zinc, reducing its concentration. Increased availability of these
elements along with increased concentrations of more mobile forms of manganese and iron
make them more susceptible to leaching from the stockpile and after spreading on a reclama-
tion landscape. Long term impacts to nutrient availability using spread stockpiled soil is
unknown; a large pool of nutrients will likely be available shortly after soil placement and if
nutrients are not taken up by plants, most could be lost to leaching, run off and volatilization.
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Fig 2. Monthly mean soil temperature at depth for large stockpiles between January of the first study year and February of the third.
https://doi.org/10.1371/journal.pone.0220367.9002

Stockpiling effects on seed viability and germination

Stockpiling rapidly reduced seed viability and germination and rhizome emergence for most
species, with continued reductions over time (Tables 3-12). Stockpiling resulted in a signifi-
cant decline (up to 100%) in seed viability of 24 of the 27 species in small and large stockpiles
at most burial depths after 8 and 16 months. There were few significant differences with stock-
pile size and burial depth; however, after 8 months there were greater declines in viability
below 1 m in large stockpiles. After 8 months rhizome emergence declined more than 80% for
Arctostaphylos uva-ursi, Maianthemum canadense and Vaccinium myrtilloides; after 16
months no rhizomes survived. Fall construction resulted in greater seed viability declines than
winter construction; declines were greater in the fine texture stockpile than the coarse texture
stockpiles for most species.

Seed viability and germination did not differ significantly between extraction times and
burial depths for most species, although trends of decreasing viability over time with increas-
ing depth were clear. Other studies found stockpiling reduced native seed viability over a short
time [14, 12, 29]. Rivera et al. [29] found storage of topsoil in Spain significantly decreased
seed viability and germination of 10 grass species within 6 months and with increased burial
depth. Rockich et al. [12] found no significant difference between storage time or burial depth
on viability and germination of several Banksia species in Australia; most seed viability was
lost after 1 month at all burial depths in the 3 m topsoil stockpile. Hall et al. [30] found no sig-
nificant effects of stockpiling topsoil from surface mines in Appalachia for 4 grass species over
8 months; however, seeds were only buried at 30 cm depth.

Ours is the only experiment that studied effects of stockpile size and burial depths > 3 m on
seed viability and germination while concurrently measuring soil physical and chemical
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Fig 3. Monthly mean soil atmosphere carbon dioxide, oxygen and nitrogen concentrations by depth for large (left) and small stockpiles (right). n = 4.
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Fig 4. Monthly mean soil atmosphere methane and ethylene concentrations by depth for large (left) and small stockpiles (right). n = 4.

https://doi.org/10.1371/journal.pone.0220367.9004

changes. Seed loss from stockpiling have mostly been attributed to in situ germination, preda-
tion, physical and mechanical damage or seed decomposition [14, 12, 29]. No studies provided
direct evidence of causes for loss of seed viability. Rockich et al. [12] attributed seed viability
loss of Banksia species in topsoil stockpiles to high temperature and water content. Riveria

et al. [29] attributed loss of seed viability to in situ germination. Dickie et al. [14] suggested
anaerobic conditions deep in stockpiles would be a factor in seed viability reduction. Our
research showed seed viability declined in both aerobic and anaerobic conditions.

Until detailed studies determine how environmental factors in stockpiles regulate seed via-
bility of boreal species at the cellular level, exact mechanisms for killing seeds remains uncer-
tain. It appears likely that rapid loss of seed viability in small stockpiles and the upper 1 m of
large stockpiles is mainly due to in situ germination, seed decay or rotting. Seed viability was
negatively correlated with oxygen (4 species, r = -0.374 to -0.541, df = 30, P<0.05) suggesting
aerobic processes led to mechanisms reducing seed viability. Seed viability of species was sig-
nificantly (P <0.05, df = 30), positively correlated with methane (1 species, r = 0.479), ethylene
(1 species, r = 0.479) and carbon dioxide (8 species, r = 0.366 to 0.546) and negatively
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Table 3. Mean percent seed viability of grasses for burial depths after 8 months of storage in large and small stockpiles.

Species

Agropyron trachycaulum

Bromus ciliatus

Carex anea

Elymus innovatus

Oryzopsis pungens

Control

73
(5.5)
58
(5.8)
94
(2.6)
54
(8.7)
91
(4.1)

0.05m
o
(0.0)
15*
(13.7)
87
(6.4)
3
(3.0)
58
(11.8)

1m
48
(9.4)
41
(62)
95
(2.5
7+
(7.0)
59
(19.8)

Large Stockpile
2m
38"

(13.1)
15"
(10.0)
75
(17.3)
3+
(3.0)
23
(19.2)

4m
15*
(15.0)
11*
(11.0)
24
(24.0)
11*
(11.0)
21
(21.0)

6m
26*
(12.5)
10*
(10.0)
75
(18.4)
o
(7.7)
24
(21.4)

0.05m
31
(17.9)
38
(9.0)
88
(4.9)
1"
(1.0)
68
6.7)

Small Stockpile
1m 2m
40 39
(8.5) (13.7)
38 50
(8.4) (11.4)
93 86
(2.5) (4.8)
0" 8"
(0.0) (8.0)
39* 83
(14.8) (1.9)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t003

3m
43
(4.1)
43
(4.4)
90
(2.6)
18*
(5.3)
84
(2.3)

correlated with available ammonium (21 species, r = -0.516 to -0.817), iron (3 species, r =

-0.377 to -0.433), manganese (3 species, r = -0.381 to -0.401) and carbon dioxide (8 species, r =
-0.359 to -0.561). The complexity of interactions among soil temperature, atmosphere and
chemical environment makes it difficult to determine factors promoting in situ seed germina-
tion given the lack of knowledge on germination requirements for most species used in this
research. The literature suggests increased soil temperature, carbon dioxide, methane and

nitrate concentrations can enhance seed germination, but too great an increase can prevent
germination [31]. Accelerated seed decay or rotting is attributed to enhanced microbial activ-
ity from stockpiling soil rich in organic carbon. Bacteria and fungi are considered a major
cause of buried seed death, although few field studies addressed this hypothesis [31]. Seeds in

warm, damp conditions lose viability sooner than those in cool, damp conditions [32]. Lower
soil temperatures in winter constructed stockpiles would thus result in less seed death.

In large stockpiles, below 1 m, seed viability is likely lost due to mechanisms causing accel-
erated seed aging at the cellular level, caused by mechanisms from anaerobic conditions. Seed
viability of many species was significantly (P <0.05), df = 30), positively correlated with oxygen
(16 species, r = 0.387 to 0.621) and negatively correlated with available ammonium (9 species,

Table 4. Mean percent seed viability of grasses for burial depths after 16 months of storage in large and small stockpiles.

Species Control Large Stockpile Small Stockpile
0.05 m 1m 2m 4m 6m 0.05 m 1m 2m 3m
Agropyron trachycaulum 73 0* 11* 14 0* 0* 0* 4* 4* 1*
(5.5) (0.0) (7.5) (14.0) (0.0) (0.0) (0.0) (4.0) (4.0) (1.0)
Bromus ciliatus 58 0* 10* 7* 0* 0* 0* 10* 0* 0*
(5.8) (0.0) (8.7) (7.0) (0.0) (0.0) (0.0) (10.0) (0.0) (0.0)
Carex anea 94 76" 90 26" 0* 16* 88 98 57 48
(2.6) (4.9) (3.8) (17.5) (0.0) (14.0) (5.9) (2.0) (23.0) (24.7)
Elymus innovatus 54 0* 0* 6* 0* 0* 0* 0" 0* 0*
(8.7) (0.0) (0.0) (6.0) (0.0) (0.0 (0.0) (0.0 (0.0) (0.0)
Oryzopsis pungens 91 23* 30* 0* 0* 0* 34* 9* 11* 0*
(4.1) (4.1) (10.5) (0.0) (0.0) (0.0 (11.0) (5.7) (6.4) (0.0)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.1004
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Table 5. Mean percent seed viability of herbaceous plants for burial depths after 8 months of storage in large and small stockpiles.

Species Control Large Stockpile Small Stockpile

0.05m Im 2m 4m 6 m 0.05m 1m 2m 3m

Anemone multifida 63 16 54 20 19 0 39 23 45 51
(4.4) (5.9) (14.8) (17.4) (19.0) (12.5) (12.9) (9.0) (16.8) (3.0)

Anemone patens 70 18* 23" 13" 7* 6" 26" 9* 16* 14
(2.0) (6.2) (10.9) (13.0) (7.0) (6.0) (9.6) (5.3) (11.0) (4.8)

Aralia nudicaulis 59 10* 6" 4* 4* 2* 15* 14* 10* 11*
(5.7) (1.2) (3.5) (4.0) (4.0) (2.0) (1.9) (6.0) (4.2) (1.9)

Cornus canadensis 82 82 86 56 25 55" 81 80 82 87
(2.6) (1.2) (1.2) (18.8) (21.2) (18.4) (4.4) (0.0) (1.2) (1.9)

Dracocephalum parviflorum 97 98 97 92 86 94 94 99 98 98
(1.0) (2.0) (1.0) (3.7) (4.8) (2.0) (2.6) (1.0) (1.2) (2.0)

Fragaria virginiana 88 66 69 30 20 40 75.5 72 66 78
(2.3) (12.9) (15.3) (19.9) (20.0) (22.0) (9.5) (8.2) (18.2) (3.8)

Geranium bicknellii 97 78* 77* 79* 84* 84* 79* 56" 78* 84*
(1.9) (2.6) (11.0) (5.7) (3.7) (1.6) (1.0) (5.7) (7.4) (1.6)

Rubus pubescens 87 62+° 46*° 12 6+ 16*¢ 68° 44° 32+ 56+
(3.4) (5.8) (9.9) (9.5) (6.0) (9.9) (2.8) (13.5) (12.5) (5.9)

Vicia americana 84 30* 60 43* 20* 41* 20 68 54 59
(4.3) (7.4) (12.1) (7.5) 9.1) (13.7) (7.8) (18.8) (21.5) (10.0)

Maianthemum canadense 90 30* 84 26* 21* 23* 82 64 68 68
(2.6) (10.9) (7.1) (21.0) (21.0) (21.7) (3.5) (21.5) (22.7) (22.7)

Potentilla tridentata 59 31* 30* 11* 10* 12* 31 33 28 35
(4.4) (3.4) (6.6) (6.2) (10.0) (12.0) (1.9) (9.0) (9.9) (7.5)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. In rows different letters denote significant

differences between burial depths. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t005

r =-0.373 to -0.437), iron (3 species, r = -0.366 to -0.444), manganese (10 species, r = -0.362 to
-0.543) methane (12 species, r = -0.362 to -0.558), ethylene (1 species, r = -0.356) and carbon
dioxide (10 species, r = -0.359 to -0.561). Major environmental factors recognized as deleteri-
ous for seed survival are temperature, water content and oxygen [33, 34, 35]. Seeds of agricul-
tural species in environments with reduced oxygen often retain viability longer than if stored
with ample oxygen [32]. However, when seed water content is above a critical point (15% for
barley) anaerobic environments are deleterious to their survival [34]. Seeds extracted from
great depths in our large stockpiles had no signs of radical emergence although they were
imbibed with water. Ibrahim et al. [34] found seeds of various agronomic species stored at
water contents 15% or higher had increased subcellular damage and under anaerobic condi-
tions only survived for short periods because no oxygen was available for subcellular repair. It
is not surprising, given environmental conditions in large stockpiles, that seed viability was
positively correlated with oxygen. Other causes of reduced seed viability include viruses, bacte-
ria or toxic concentrations of compounds such as ethanol.

Species response to stockpiling

Geranium bicknellii and Dracocephalum parviflorum resisted deleterious effects of stockpiling.
Both are annual or biennial, early successional in boreal forest and seed banking [36, 37].
Their germination is promoted by heat from forest fires [38]. They were likely less affected by
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Table 6. Mean percent seed viability of herbaceous plants for burial depths after 16 months of storage in large and small stockpiles.

Species

Anemone multifida

Anemone patens

Aralia nudicaulis

Cornus canadensis

Dracocephalum parviflorum

Fragaria virginiana

Geranium bicknellii

Rubus pubescens

Vicia americana

Maianthemum canadense

Potentilla tridentata

Control

63
(44)
70
(2.0)
59
(5.7)
82
(2.6)
97
(1.0)
88
(2.3)
97
(1.9)
87
(34)
84
(4.3)
90
(2.6)
59
(4.4)

Large Stockpile Small Stockpile
0.05 m I1m 2m 4m 6m 0.05 m 1m 2m 3m
10* 40 13* 0* 0* 25* 2 21% 0*
(6.6) (13.6) (13.0) (0.0) (0.0) (13.0) (2.0) (13.4) (0.0)
0* 6* 4 0* 0* 1* 2 1* 0*
(0.0) (4.8) (4.0) (0.0) (0.0) (1.0) (2.0) (1.0) (0.0)
8" 5* 8* 0* 0* 4 6* 0* 0*
(4.9) (5.0) (8.0) (0.0) (0.0) (4.0) (3.8) (0.0) (0.0)
66a 34*b 6*C G*d 13*d 67*3 37*b %€ O*d
(3.5) (13.1) (3.8) (6.0) (13.0) (5.3) (14.7) (8.1) (0.0)
97° 99° 97° 89+° 96° 96° 98° 96 98°
(1.0) (1.0) (1.9) (3.4) (0.0) (1.6) (1.2) (1.6) (1.2)
25%2 612 14* be 3*b 44,542 432 3*b l*b
(5.0) (11.5) (14.0) (5.0) (3.0) (10.7) (17.4) (3.0) (1.0)
86° 33° 79° 83* 88* 76* 39+P 552 68°
(1.2) (22.4) (6.8) (3.0) (5.3) (11.4) (18.4) (22.6) (22.7)
50 13 2 0* 1 73 13* 9* 2
(23.1) (13.0) (2.0) (0.0) (1.0) (4.4) (13.0) (9.0) (2.0)
15* 30* 12* 14* 35* 18* 39* 18 43*
(8.7) (11.6) (9.5) (3.5) (13.9) (14.3) (15.3) (8.4) (15.6)
46 31* 15* 0* 0* 81 26* 0* 0*
(24.4) (17.3) (15.0) (0.0) (0.0) (6.2) (22.2) (0.0) (0.0)
20* 7* 10* 0* 0* 14* 6* 3* 0*
(3.7) (3.4) (10.0) (0.0) (0.0) (3.5) (3.8) (1.9) (0.0)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. In rows different letters denote significant

differences between burial depths. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t006

stockpiling because they have hard, impermeable seed coats [39, 40]. Dickie et al. [14] found
only one species, Juncus bufonius, had numerous viable seeds at greatest burial depths in top-
soil stockpiles in Derbyshire. They did not mention mechanisms leading to greater survival.
Rivera et al. [29] found large seed mortality was negatively related to seed mass. Although we
did not measure seed mass, small, light weight seed lost viability just as easily as large, heavy

seeds.

Other species with a less dramatic decline in seed viability had harder seed coats than seeds

of species that declined abruptly. Species with hard seed coats, (Geranium bicknellii, Dracepha-
lum parviflorum, Virburnum edule, Cornus canadensis, Vicia americana, Prunus pensylvanica)
generally maintained greater viability over time at multiple burial depths than seeds without
hard seed coats (Bromus ciliatus, Fragaria virginiana, Ribes hudsonianum, Vaccinium myrtil-
loides). Seeds of Vicia americana that were not fully ripe and became soft after a short soaking
lost more viability then seeds that were fully ripe.

Seeds with a hard coat that allows water exchange, like Prunus pensylvanica, lost viability
quickly. Seeds with physical dormancy would not be as affected initially by stockpiling, unless
the seed coat was scarified and made permeable. Seeds with physical dormancy that are imper-
meable to water are able to remain inactive and sustain low respiration rates. Rockich et al.
[12] and Brophy [41] noted legume species with hard seed coats retained high viability in
stockpiled topsoil.
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Table 7. Mean percent seed viability of woody plants for burial depths after 8 months of storage in large and small stockpiles.

Species

Alnus crispa

Arctostaphylos uva-ursi

Prunus pensylvanica

Ribes hudsonianum

Rosa acicularis

Rubus idaeus

Shepherdia canadensis

Vaccinium myrtilloides

Vaccinium vitis- idea

Virburnum edule

Pinus banksiana

Control

18
(2.0)
60
(4.3)
88
(2.8)
98
(1.2)
56
(8.2)
92
(2.8)
93
(1.9)
77
(5.0)
89
(4.1)
88
(1.6)
87
(2.5)

Large Stockpile Small Stockpile
0.05m 1m 2m 4m 6m 0.05m 1m 2m 3m
1* 4* 0* 2% 2* 6 4 9 3
(1.0) (2.3) (0.0) (2.0) (2.0) (2.6) (4.0) (5.7) (1.9)
42 59 49 23 49 46 65 44* 50
(8.1) (11.1) (13.5) (17.0) (13.9) (7.7) (3.4) (4.3) (2.0)
86 49 28* 22* 28* 86 68 62 78
(2.6) (10.8) (20.3) (22.0) (20.8) (3.5) (17.5) (21.1) (3.5)
86" 94 58 17* 61* 93 88 72 93
(2.6) (2.0) (24.3) (17.0) (20.4) (1.9) (4.3) (24.1) (3.0)
31 24 34 18 34 36 33 31 37
(4.7) (5.9) (11.6) (18.0) (12.4) (4.9) (4.4) (9.0) (3.0)
86 85 47* 22* 57* 78* 67* 64* 80*
(3.8) (1.9) (18.6) (20.7) (19.6) (2.6) (11.7) (20.0) (2.3)
74 25%2 20*° 8P 12*° 87° 74*2 25+ 49*°
(9.6) (23.7) (20.0) (8.0) (12.0) (2.5) (9.0) (19.8) (13.7)
45 37* 31* 14* 24* 64* 31* 11* 15*
(4.4) (10.0) (15.2) (14.0) (16.1) (4.9) (2.5) (3.8) (1.9)
83 70 34 22 31 83 82 66 86
(3.4) (12.7) (20.7) (22.0) (19.5) (1.9) (2.0) (22.1) (2.6)
86 79 66 40 73 87 63 65 86
(1.2) (7.2) (14.1) (14.9) (7.2) (5.3) (21.1) 9.8) (6.2)
57 - 57 25 75 - - 68
(15.4) - (15.4) (25.0) (3.4) - - (11.2)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. In rows different letters denote significant

differences between burial depths. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t007

Seeds that do not have physical dormancy are completely vulnerable to the surrounding

deleterious environment. Species with low respiration rates or with persistent seed banks

might tolerate greater burial depths in stockpiles; however, this was not the case for all species
with persistent seed banks. Rubus idaeus and Prunus pensylvancia are shrubs with known seed
banking capabilities and seeds can stay viable in the soil for 100 to 200 years [42, 43]. Loss of
up to 100% viability at depths > 1 m in the stockpiles for these species is surprising considering
their natural longevity in the soil. Once seed of most dry land species has imbibed water, respi-
ratory activity and oxygen consumption increases [44]. Without oxygen at great depths in
large stockpiles, seeds cannot repair cellular damage from initial influx of water into cells.
Seeds in environments that facilitate respiration will lose viability more rapidly than those that
do not, unless those species have mechanisms to keep respiration rates low (wetland species
tolerant to anoxic conditions) or prevent the surrounding environment from influencing seed
integrity, such as physical dormancy seeds.

Stockpile construction methods

Direct placement of forest topsoil should be the preferred soil handling technique; however,
stockpiling soil is a necessary component of reclamation and soils handling for any mine.
There is little direction on how to construct stockpiles to maintain seed viability, and to a lesser
extent, reduce negative effects on soil quality. Our research has shown that regardless of
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Table 8. Mean percent seed viability of woody plants for burial depths after 16 months of storage in large and small stockpiles.

Species Control Large Stockpile Small Stockpile
0.05m 1m 2m 4m 6 m 0.05m 1m 2m 3m
Alnus crispa 18 4* 1* 0* 0* 0* 4* 0* 0* 0*
(2.0) (2.8) (1.0) (0.0) (0.0) (0.0) (2.8) (0.0) (0.0) (0.0)
Arctostaphylos uva-ursi 60 13" 0* 0* 0* 0* 17* 6" 0* 0*
(4.3) (13.0) (0.0) (0.0) (0.0 (0.0) (17.0) (6.0) (0.0) (0.0)
Prunus pensylvanica 88 82" 25+ 12+ 2% 0% 49*° 22+° 11#b° 3*¢
(2.8) (2.6) (13.7) (10.7) (2.0) (0.0) (16.8) (12.9) (4.1) (3.0)
Ribes hudsonianum 98 21* 0* 0* 0* 0* 4* 0* 0* 0*
(1.2) 9.1) (0.0) (0.0) (0.0) (0.0) (2.8) (0.0) (0.0) (0.0)
Rosa acicularis 56 0* 14* 0* 11* 6* 14 6* 5* 6*
(8.2) (0.0) (8.7) (0.0) (11.0) (6.0) (8.2) (6.0) (5.0) (3.5)
Rubus idaeus 92 67" 64° 21* 11*° 0*° 78° 60° 20" 24
(2.8) (9.4) (21.4) (21.0) (11.0) (0.0) (2.6) (20.1) (20.0) (18.0)
Shepherdia canadensis 93 49 10* 9* 0* 0* 47* 0* 0* 0*
(1.9) (14.8) (6.0) (5.3) (0.0) (0.0) (14.8) (0.0) (0.0) (0.0)
Vaccinium myrtilloides 77 39* 18* 15* 0* 0* 34* 12* 0* 6*
(5.0) (7.0) (10.5) (15.0) (0.0) (0.0) (2.6) (12.0) (0.0) (3.5)
Vaccinium vitis- idea 89 64" 43* 16* 0* 0* 49* 42* 5* 0*
(4.1) (3.3) (19.0) (16.0) (0.0 (0.0) (8.7) (8.7) (5.0) (0.0)
Virburnum edule 88 582 20*° 5P 1 18*° 72 20*° 14*° 6
(1.6) (6.6) (17.4) (5.0) (1.0) (18.0) (4.0) (20.0) (14.0) (6.0)
Pinus banksiana 87 49.3* - 2* - 0* 62* - - 0*
(2.5) (19.6) - (2.0) - (0.0) (13.3) - - (0.0)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. In rows different letters denote significant

differences between burial depths. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t008

stockpile size most species will lose seed viability within a relatively short period of time (< 8
months) at depths below the surface of the stockpile; however, there are less detrimental
changes to soil chemistry in small stockpiles. This research suggests the best solution to main-
tain a native seed bank and minimize nutrient losses from stockpiled boreal forest topsoil for
future use in revegetation would be to construct several small stockpiles rather than fewer
large stockpiles. This would increase the overall surface area of stockpiled soil, reducing the
volume of anaerobic soil conditions. Rivera et al. [29] proposed construction of large stockpiles
only for a short time to reduce seed loss in topsoil; however, our research suggests large stock-
piles reduce seed viability more quickly than in small stockpiles.

Seed viability for a wide range of species could be maintained over the long term by build-
ing a new seed bank from newly established plants emerging from the former seed bank at the
stockpile surface. However, space is often limited in the oil sands, preventing construction of
several small stockpiles. Alternative placement locations such as former stockpiles constructed
from reclamation materials other than upland topsoil is a potential solution to finding more
available space.

Constructing stockpiles in winter or when soils are dry could reduce deleterious effects of
stockpiling, at least in the short term. Anderson et al. [9] found wet constructed stockpiles
became more anaerobic than dry constructed ones. In the boreal forest waiting until condi-
tions are dry is not practical. Low temperatures can be used advantageously for constructing
stockpiles to maintain seed viability and reduce impacts to soil quality, even though benefits
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Table 9. Mean percent germination of grasses for burial depths after 8 months of storage in large and small stockpiles.

Species Control Large Stockpile Small Stockpile
0.05 m 1m 2m 4m 6 m 0.05 m 1m 2m 3m
Agropyron trachycaulum 72 0* 42 13* 15* 18* 18* 33* 35* 40*
6.7) (0.0) 12.49 (13.0) (15.0) (14.3) (11.8) (3.0) (11.7) (4.0)
Bromus ciliatus 58 1® 35" 15*® 10" 10" 3gh 36" 47" 37t
(2.6) (1.0) (11.9) (10.0) (10.0) (10.0) (9.0) (10.2) (15.7) (8.2)
Carex anea 93 83 95 73 22 72 91 91 70 71
(3.0) (6.6) (2.5) (16.8) (22.0) (21.4) (4.1) (3.4) (17.0) (17.3)
Elymus innovatus 55 3* 6* 3* 11* 9* 0* 0* 8* 17*
(5.3) (3.0) (3.8) (3.0) (11.0) (7.7) (0.0) (0.0) (8.0) (5.5)
Oryzopsis pungens 66 40** 5+b 10*° 5+b 7+° 31%° 20*° 27+P 41+
(2.6) (2.8) (3.0) (6.6) (5.0) (7.0) (5.3) (6.3) 9.1) (7.0)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. In rows different letters denote significant

differences, upper case letters between stockpile size and lower case letters between burial depths. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t009
will be short lived unless stockpiles are constructed to prevent topsoil from thawing and

becoming saturated with water from snow melt. Capping topsoil that has been salvaged and
stockpiled during frozen months with a thick layer of peat could help minimize thaw rate.

Table 10. Mean percent germination of herbaceous plants for burial depths after 8 months of storage in large and small stockpiles.

Species Control Large Stockpile Small Stockpile

0.05m Im 2m 4 m 6 m 0.05 m 1m 2m 3m

Anemone multifida 38 7 30 10 8 10 39 4 26 23
(11.8) (3.0) (12.7) (10.0) (8.0) (10.0) (14.4) (2.8) (10.6) (7.2)

Anemone patens 51 9* 19 1* 1* 2" 17* 12* 12* 13*
(5.5) (7.7) (7.5) (1.0 (1.0) (2.0) (7.4) (5.2) (12.0) (4.4)

Aralia nudicaulis 0 0 0 0 0 0 0 0 0 0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Cornus canadensis 0 0 1 0 0 0 0 0 0 0
(0.0) (0.0) (1.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Dracocephalum parviflorum 9 3 7 2* 0* 0* 2 1 1 4
(3.4) (1.0) (1.9) (2.0) (0.0) (0.0) (1.2) (1.0) (1.0) (23)

Fragaria virginiana 62 48 55 18" 17" 16 71 54 51 51
(8.7) (9.4) (13.9) (13.2) (15.7) 9.2) (5.3) 9.3) (16.2) (5.7)

Geranium bicknellii 5 2 0 0 0 0 0 0 0 1
(3.8) (2.0) (0.0) (0.0 (0.0 (0.0 (0.0) (0.0 (0.0 (1.0)

Rubus pubescens 0 0 0 0 0 0 2 0 0 0
(0.0) (0.0) (0.0) (0.0) (0.0 (0.0) (2.0 (0.0) (0.0) (0.0)

Vicia americana 24 0* 3* 0* 1* 2* 0* 1* 0* 4*
(4.3) (0.0) (3.0) (0.0) (1.0) (2.0) (0.0) (1.0) (0.0) (1.6)

Maianthemum canadense 0 0 0 0 0 0 0 0 0 0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Potentilla tridentata 21 14* 5*° 2P 1+ 3P 18° 4P 7P 9
(5.5) (2.6) (1.0) (1.2) (1.0) (3.0) (3.8) (1.6) (4.4) (2.5)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. In rows different letters denote significant
differences between burial depths. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t010
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Table 11. Mean percent germination of woody plants for burial depths after 8 months of storage in large and small stockpiles.

Species Control Large Stockpile Small Stockpile

0.05 m 1m 2m 4m 6 m 0.05 m 1m 2m 3m

Alnus crispa 13 5* 4 3* 2% 1* 6 2 6 3
(1.9) (1.9) (2.3) (3.0) (2.0) (1.0) (3.5) (2.0) (6.0) (1.9)

Arctostaphylos uva-ursi 0 0 0 0 0 0 0 0 0 0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Prunus pensylvanica 0 0 0 0 0 0 0 0 0 0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Ribes hudsonianum 16 13 8 5 0* 1" 5 6 0* 1
9.7) (4.4) (4.3) (3.8) (0.0) (1.0) (1.9) (1.2) (0.0) (1.0)

Rosa acicularis 0 0 0 0 0 0 0 0 0 0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)

Rubus idaeus 0 3 1 0 0 0 0 0 0 1
(0.0) (3.0) (1.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (1.0)

Shepherdia canadensis 0 5* 1 0 0 0 3 3 0 0
(0.0) (2.5) (1.0) (0.0) (0.0) (0.0) (3.0) (3.0) (0.0) (0.0)

Vaccinium myrtilloides 41 20" 20" 12* 3" 11" 13* 117 5" 8"
(2.5) (5.7) (8.2) (6.3) (3.0) (6.4) (3.0) (3.0) (1.9) (1.6)

Vaccinium vitis-idea 32 2* 10 4" 0* 3* 2 3* 3* 7*
(3.7) (1.2) (4.2) (4.0) (0.0) (1.9) (2.0) (1.9) (3.0) (1.9)

Virburnum edule 0 0 0 0 0 0 0 0 0 0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
Pinus banksiana 82 53 - 47* - 20* 67* - - 55*
(3.8) (15.8) - (14.5) - (20.0) (3.4) - - (9.3)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t011

The long term effects of storing soil in the boreal forest on quality and quantity of organic
carbon and effects on chemical properties needs to be determined. Research has shown stock-
piling soil results in reduced aggregate stability making soils more prone to erosion and sus-
ceptible to compaction once replaced [45]. Stockpiling topsoil causes significant alterations to
microbial community composition and abundance [46]. This research has demonstrated that
various soil nutrients such as ammonium, potassium, calcium, manganese and iron become
much more concentrated in their soluble forms after stockpiling. Specific revegetation meth-
ods and management may be required for reclaiming stockpiled topsoil to sustainable boreal
forests due to the drastic changes of the soils chemical and physical state.

Table 12. Mean percent rhizome emergence of various plants for burial depths after 8 months of storage in large and small stockpiles.

Species Control Large Stockpile Small Stockpile
0.05 m 2m 6m 0.05 m 3m
Arctostaphylos uva-ursi 85 5 0* 0* 0* 0*
(9.5) (5.0) (0.0) (0.0) (0.0) (0.0)
Maianthemum canadense 100 25* 10* 5* 15* 10*
(0.0) (9.6) (10.0) (5.0) (5.0) (5.8)
Vaccinium myrtilloides 95 35* 5* 15* 30* 35*
(5.0) 17.1) (5.0) (9.6) (17.3) (12.6)

Data are mean and (standard error), n = 4. In rows * denotes LFH treatments significantly different from the control. Significant difference at p<0.05.

https://doi.org/10.1371/journal.pone.0220367.t1012
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Conclusions

Stockpiling boreal forest topsoil is deleterious to seeds and changes many soil chemical and
soil atmosphere parameters. The effect is greatest with large stockpiles, fine texture soils and
construction under non frozen conditions. Boreal forest topsoil is rapidly altered with stor-
age. In both large and small stockpiles, seeds at depths below 1 m rapidly lost viability.
Anaerobic soil conditions occurred rapidly and persisted at depths below 1 m in large stock-
piles; in small stockpiles anaerobic conditions occurred, then became aerobic when monthly
air temperatures fell below 0°C. In small stockpiles seed viability was lost because of aerobic
that enhanced in situ germination and seed decay. Lack of oxygen combined with tempera-
tures above 0°C and soil with enough water to imbibe seeds caused the rapid loss in seed
viability in large stockpiles. Only seeds of Geranium bicknellii and Dracocephalum parvi-
florum had a high survival rate in stockpiles; both species have hard seed coats and are phys-
ically dormant.

Direct placement of boreal forest topsoil is the preferred soil handling technique; however,
when stockpiling is required construction of more, small stockpiles would help retain seed and
propagule viability in the short term and a greater surface area with viable seed and propagule
banks would be created long term.

Acknowledgments

We thank Clara Qualizza, Brent Hartley and Darryl Ramsaran for providing construction and
logistical support. We thank Rob Vassov for seed collection support and Kelvin Lien for labo-
ratory assistance. We gratefully acknowledge Syncrude Canada Ltd., Suncor Energy Ltd., Shell
Canada Ltd, Canadian Natural Resources Ltd., Total E&P Canada Ltd. and Fort Hills Energy
LP by its General Petro-Canada Oil Sands Inc. for stockpile construction.

Author Contributions

Conceptualization: Dean D. Mackenzie, M. Anne Naeth.
Data curation: M. Anne Naeth.

Formal analysis: Dean D. Mackenzie, M. Anne Naeth.
Funding acquisition: M. Anne Naeth.

Investigation: Dean D. Mackenzie, M. Anne Naeth.
Methodology: Dean D. Mackenzie, M. Anne Naeth.

Project administration: M. Anne Naeth.

Resources: M. Anne Naeth.

Software: M. Anne Naeth.

Supervision: M. Anne Naeth.

Validation: Dean D. Mackenzie, M. Anne Naeth.
Visualization: Dean D. Mackenzie, M. Anne Naeth.

Writing - original draft: Dean D. Mackenzie, M. Anne Naeth.
Writing - review & editing: Dean D. Mackenzie, M. Anne Naeth.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220367 September 16, 2019 19/21


https://doi.org/10.1371/journal.pone.0220367

@ PLOS|ONE

Native seed, soil and atmosphere after boreal forest topsoil storage

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

MacKenzie DD, Naeth MA. Assisted natural recovery using a forest soil propagule bank in the Atha-
basca Oil Sands. In: Adkins SW, Ashmore S, Navie SC, editors. Seeds biology, development and ecol-
ogy. Townbridge, United Kingdom: Cromwell Press; 2007. pp. 374—-382.

MacKenzie DD, Naeth MA. The role of the forest soil propagule bank in assisted natural recovery after
oil sands mining. Rest Ecol. 2010; 18: 418-427.

MacKenzie DD (Alberta Environment and Water). Best management practices for conservation of recla-
mation materials in the mineable oil sands region of Alberta. Fort McMurray, Alberta: Terrestrial Sub-
group, Best Management Practices Task Group, Cumulative Environmental Management Association;
2012. pp. 161.

Stark JM, Redente EF. Production potential of stockpiles topsoil. Soil Sci. 1987; 144: 72-76.

Rives CS, Bajwa ME, Liberta AE, Miller RM. Effects of topsoil storage during surface mining on the via-
bility of VA mycorrhizae. Soil Sci. 1980; 129: 253-257.

Gould AB, Liberta AE. Effects of topsoil storage during surface mining on the viability of vesicular-arbus-
cular mycorrhiza. Mycologia. 1981; 73: 914-923.

Visser S, Fujikawa J, Griffiths CL, Parkinson D. Effect of topsoil storage on microbial activity, primary
production, and decomposition potential. Plant Soil. 1984; 82: 41-50.

Abdul-Kareem AW, McRae SG. The effects on topsoil of long-term storage in stockpiles. Plant Soil.
1984; 96: 357-363.

Anderson TR, Grundy MG, Bell LC. Effect of stockpiling on two soils from the bowen coal basin and the
ramifications for soil management in rehabilitation. In: Dixon ACT, editor. Proceedings of the 13th
Annual Australian Mining Industry Council Environmental Workshop; 1988 September 18-23; Darwin,
Australia. Australian Mining Industry Council; 1988. pp. 256-272.

Widdowson JP, Gibson EJ, Healy WB. Effects of stockpiling topsoils associated with opencast mining.
1. Chemical properties and the growth of ryegrass and white clover. New Zeal J Sci. 1982; 25: 287—
294.

Kong K, Lindsay JD, McGill WB. Characterization of stored peat in the Alberta oil sands area. Edmon-
ton, Alberta: Alberta Oil Sands Environmental Research Program; 1980. Report No. 91. pp. 45-52.

Rokich DP, Dixon KW, Sivasithamparam K, Meney KA. Topsoil handling and storage effects on wood-
land restoration in Western Australia. Rest Ecol. 2000; 8: 196—-208.

Koch JM, Ward SC, Grant CD, Ainsworth GL. Effects of bauxite mine restoration operations on topsoil
seed reserves in the jarrah forest of Western Australia. Rest Ecol. 1996; 4: 368-376.

Dickie JB, Gajjar KH, Birch P, Harris JA. The survival of viable seeds in stored topsoil from opencast
coal working and its implications for site restoration. Biol Conserv. 1988; 43: 257—265.

Tacey WH, Glossop BL. Assessment of topsoil handling techniques for rehabilitation of sites mined for
bauxite within the jarrah forest of western Australia. J App Ecol. 1980; 17: 195-201.

Harris JA, Birch P. The effects on topsoil storage during opencast mining operations. J Sci Food Agric.
1987; 40: 219-232.

Whittle CA, Duchesne LC, Needham T. The importance of buried seed and vegetative propagation in
the development of post fire plant communities. Environ Rev. 1997; 5: 79-87.

Strong WL, Leggat KR. Ecoregions of Alberta. Edmonton, Alberta: Alberta Forestry, Lands and Wild-
life; 1992. pp 59.

Turchenek LW, Lindsay JD. Soils inventory of the Alberta Oil Sands Environmental Research Program
study area. Edmonton, Alberta: Alberta Oil Sands Environmental Research Program, Alberta Research
Council. 1982. AOSERP Report No. 22. pp. 240.

Moss EH. Flora of Alberta: a manual of flowering plants, conifers, ferns and fern allies found growing
without cultivation in the province of Alberta, Canada. Toronto, Ontario: University of Toronto Press;
1993. pp 687.

Association of Official Seed Analysts. Rules for testing seeds. Stillwater, Oklahoma: The Association;
2006.

Liest N, Kramer S, Jonitz A, editors. International Seed Testing Association working sheets on tetrazo-
lium testing. Zurich, Switzerland: The Association; 2003.

Carter MR, editor. Soil sampling and methods of analysis. Boca Raton, Florida: Lewis Publishers Ltd.;
1993. pp. 823.

Kundu NK, Ghose MK. Shelf life of stock-piled topsoil of an open cast coal mine. Environ Conserv.
1997; 24: 24-30.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220367 September 16, 2019 20/21


https://doi.org/10.1371/journal.pone.0220367

@ PLOS|ONE

Native seed, soil and atmosphere after boreal forest topsoil storage

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.
46.

Tiedje JM, Sexstone AJ, Parkin TB, Revsbech NP, Sheldon DR. Anaerobic processes in soil. Plant Soil.
1984; 76: 197-212.

Maag M, Vinther FP. Effect of temperature and water on gaseous emissions from soils treated with ani-
mal slurry. Soil Sci Soc Am J. 1999; 63: 858—865.

Harris JA, Birch P, Short KC. The impact of storage of soils during opencast mining on the microbial
community: a strategist theory interpretation. Restor. Ecol. 1993; 1: 88—100.

Havlin JL, Beaton JD, Tisdale SL, Nelson WL. Soil fertility and fertilizers. Upper Saddle River, New Jer-
sey: Prentice Hall; 1999. pp. 499.

Rivera D, Jauregui BM, Peco B. The fate of herbaceous seeds during topsoil stockpiling: restoration
potential of seed banks. Ecol Eng. 2012; 44: 94-101.

Hall SL, Barton CD, Baskin CC. Seed viability in stockpiled topsoil on a surface mine in Appalachia.
Ecological Restoration, 2009; 27: 381-383.

Baskin CC, Baskin JM. Seeds: ecology, biogeography, and evolution of dormancy and germination.
San Diego, California; Academic Press, Inc.; 1998. pp. 666.

Roberts EH, Abdalla FH. The influence of temperature, moisture, and oxygen on period of seed viability
in barley, broad beans and peas. Ann Bot. 1968; 32: 97-117.

Harrison BJ. Seed deterioration in relation to storage conditions and its influence upon germination,
chromosomal damage and plant performance. J Nat Inst Agric Bot. 1966; 10: 644—663.

Ibrahim AE, Roberts EH. Viability of lettuce seeds |. survival in hermetic storage. J Exp Biol. 1983; 34:
620-630.

Ohlrogge JB, Kernan TP. Oxygen dependent ageing of seeds. Plant Physiol. 1982; 70: 791-796.
https://doi.org/10.1104/pp.70.3.791 PMID: 16662577

Archibold OW. Seed banks and vegetation processes in coniferous forests. In: Leck MA, Parker VT,
Simpson RL, editors. Ecology of soil seed banks. San Diego, California; Academic Press, Inc.;
1989. pp. 107-122.

Fyles JW. Seed bank populations in upland coniferous forests in central Alberta. Can J Botany. 1989;
67:274-278.

Lee P. The impact from burn intensities from wild fires on seed and vegetative banks, and emergent
understory in aspen-dominated boreal forests. Can J Bot. 2004; 82: 1468—1480.

Conn JS. Seed viability and dormancy of 17 weed species after burial for 4.7 years in Alaska. Weed Sci.
1990; 38: 134—138.

Gama-Arachchige NS, Baskin JM, Geneve RL, Baskin CC. The autumn effect: timing of physical dor-
mancy break in seeds of two winter annual species of Geraniaceae by a stepwisw process. Ann Bot-
London. 2012; 110: 637-651.

Brophy L. Viable seed populations in soils of revegetated North Dakota coal strip mines. In: Johnson
WA, editor. Proceedings of the North Dakota Academy of Science Annual Meeting; 1980 April 25-26;
Fargo, North Dakota. North Dakota Academy of Science. 1980. pp. 34: 22.

Marks PL. The role of pin cherry (Prunus pensylvanica L.) in the maintenance of stability in northern
hardwood ecosystems. Ecol Monogr. 1974; 44: 73-88.

Whitney GG. A demographic analysis of Rubus idaeus and Rubus pubescens. Can J Bot. 1986; 64:
2916-2921.

Bewley JD. Seed germination and dormancy. Plant Cell 1997; 9: 1055—1066. https://doi.org/10.1105/
tpc.9.7.1055 PMID: 12237375

Hunter F, Currie JA. Structural changes during bulk soil storage. J Soil Sci. 1956; 7: 75-80.

Harris JA, Birch P, Short KC. Changes in the microbial community and physico-chemcial characteristics
of topsoils stockpiled during opencast mining. Soil Use Manage. 1989; 5: 161-168.

PLOS ONE | https://doi.org/10.1371/journal.pone.0220367 September 16, 2019 21/21


https://doi.org/10.1104/pp.70.3.791
http://www.ncbi.nlm.nih.gov/pubmed/16662577
https://doi.org/10.1105/tpc.9.7.1055
https://doi.org/10.1105/tpc.9.7.1055
http://www.ncbi.nlm.nih.gov/pubmed/12237375
https://doi.org/10.1371/journal.pone.0220367

